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PAF remodels the DREAM complex to bypass cell
quiescence and promote lung tumorigenesis
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Bypassing cell quiescence and cell-cycle
arrest is a crucial step for tumorigenesis.
Here, Kim et al. show that a PAF-
remodeled DREAM complex induces the
global expression of cell-cycle genes,
thereby evading quiescence and
promoting lung tumorigenesis.
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SUMMARY

The DREAM complex orchestrates cell quiescence and the cell cycle. However, how the DREAM complex is
deregulated in cancer remains elusive. Here, we report that PAF (PCLAF/KIAA0101) drives cell quiescence
exit to promote lung tumorigenesis by remodeling the DREAM complex. PAF is highly expressed in lung
adenocarcinoma (LUAD) and is associated with poor prognosis. Importantly, Paf knockout markedly sup-
pressed LUAD development in mouse models. PAF depletion induced LUAD cell quiescence and growth
arrest. PAF is required for the global expression of cell-cycle genes controlled by the repressive DREAM com-
plex. Mechanistically, PAF inhibits DREAM complex formation by binding to RBBP4, a core DREAM subunit,
leading to transactivation of DREAM target genes. Furthermore, pharmacological mimicking of PAF-depleted
transcriptomes inhibited LUAD tumor growth. Our results unveil how the PAF-remodeled DREAM complex
bypasses cell quiescence to promote lung tumorigenesis and suggest that the PAF-DREAM axis may be a

therapeutic vulnerability in lung cancer.

INTRODUCTION

Despite recent advances in cancer therapies, the available
treatment options for lung cancer are limited, and patient sur-
vival rates have not improved significantly. Thus, the identifica-
tion of tumor cell-intrinsic mechanisms that drive or suppress
lung tumorigenesis is imperative to develop new strategies
for lung cancer treatment. Lung adenocarcinoma (LUAD) is
the most prevalent subtype of non-small cell lung cancer
(NSCLC), accounting for about 40% of all lung cancer cases
(Travis et al., 2015). Mutations of KRAS (~33%) and TP53
(~46%) are frequently observed in LUADs (Cancer Genome
Atlas Research Network, 2014). Although targeting RAS
signaling and rescuing the tumor suppressor TP53 have
been suggested for LUAD treatment, clinical application of
these strategies remains challenging (Cox et al., 2014; Muller
and Vousden, 2014).

The somatic cells remain quiescent upon terminal differenti-
ation. Perturbation of this process can lead to cell quiescence
exit and hyperproliferation, which are implicated in cancer

(Hanahan and Weinberg, 2011; Malumbres and Barbacid,
2001). The dimerization partner, RB-like, E2F, and multi-vulval
class B (DREAM) complex, also called the DRM complex in
Caenorhabditis elegans and the dREAM complex in Drosophila
melanogaster, is an evolutionarily conserved cell-cycle-regula-
tory multiprotein complex (Harrison et al., 2006; Korenjak
et al., 2004; Lewis et al., 2004; Litovchick et al., 2007). In asso-
ciation with p130 (retinoblastoma-like protein 2/RBL2), E2F4,
and DP1 (E2F dimerization partner 1), the DREAM complex
is localized to the promoters of nearly a thousand (n = 967)
cell-cycle-related genes, repressing their transcription and
inducing cell quiescence (GO or GO/G1 arrest) (Litovchick
et al., 2007). Upon cell-cycle re-entry stimuli, p130, E2F4,
and DP1 are dissociated from the DREAM complex. The re-
maining multi-vulval class B (MuvB) core complex composed
of LIN9, LIN37, LIN52, LIN54, and RBBP4 subsequently binds
to BMYB and FOXM1, which transactivates cell-cycle genes
related to S/G2/M phase (Sadasivam et al., 2012). Given that
the DREAM complex plays a crucial role in orchestrating the
cell cycle, deregulation of this complex is implicated in several
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Figure 1. Overexpression of PAF in lung adenocarcinoma (LUAD) is correlated with poor prognosis
(A) Upregulation of PAF in human lung cancer datasets. Oncomine analysis of PAF expression in lung cancer subtypes (gene rank > top 10%, fold change > 2, p <

0.0001 compared with normal tissues).

(B) Upregulation of PAF in human LUAD. Gene Expression Omnibus (GEO; GDS1650/38116_at) analysis of PAF expression in tumor-adjacent normal (n = 19) and
LUAD (n = 20) tissues. Each column indicates PAF expression in individual samples by microarray (signal counts; arbitrary units). Green squares indicate rank

order of expression measurements within samples.

(legend continued on next page)
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cancers (Iness and Litovchick, 2018; MacDonald et al., 2017;
Nor Rashid et al., 2011; Sadasivam and DeCaprio, 2013). For
instance, overexpression of DREAM complex targets,
including FOXM1, PLK1, TOP2A, ECT2, and CCNB1, is
frequently observed in many cancers (Cancer Genome Atlas
Research Network, 2011; Fields and Justilien, 2010; Kim
et al., 2006; Perou et al., 2000; Soria et al., 2000; Whitfield
et al., 2002; Wong et al., 2009). Nonetheless, how the repres-
sive DREAM complex is aberrantly regulated in cancer cells re-
mains elusive.

Proliferating cell nuclear antigen (PCNA)-associated factor
(PAF; also known as PCLAF/KIAA0101) was identified as a
PCNA-binding partner (Yu et al., 2001). In vitro studies sug-
gested that via its interaction with PCNA, PAF is involved in
DNA repair (Emanuele et al., 2011; Povlsen et al., 2012). Recent
in vivo studies also identified PCNA-independent functions of
PAF in cancer and stem cells (Jun et al., 2013; Kim et al.,
2018; Liu et al., 2012; Ong et al., 2017; Wang et al., 2016).
Importantly, PAF is barely expressed in normal cells but highly
upregulated in various cancer cells (Cheng et al., 2013; Hoso-
kawa et al., 2007; Jain et al., 2011; Jun et al., 2013; Jung
et al.,, 2013; Mizutani et al., 2005; Wang et al., 2016; Yu
et al.,, 2001; Yuan et al., 2007). PAF contributes to cancer cell
proliferation (Emanuele et al., 2011; Hosokawa et al., 2007;
Jain et al., 2011; Jun et al., 2013; Jung et al., 2013; Mizutani
et al., 2005). PAF is also associated with cell stemness in
normal tissue and cancers (Kim et al., 2018; Ong et al., 2017;
Wang et al., 2016). Additionally, PAF modulates gene expres-
sion independently of PCNA. For instance, PAF hyperactivates
the expression of Wnt/B-catenin target genes as a co-factor of
the B-catenin/EZH2 complex for intestinal tumorigenesis and
regeneration (Jung et al., 2013; Kim et al., 2018). PAF also in-
duces pancreatic intraepithelial neoplasia via transactivation
of LAMTOR3, a mitogen-activated protein kinase signaling
adaptor (Jun et al., 2013).

In this study, we sought to determine how PAF contributes to
lung tumorigenesis by using comprehensive approaches,
including cell biology, biochemistry, and mouse genetics.

Molecular Cell

RESULTS

Overexpression of PAF in LUAD is correlated with poor
prognosis

We analyzed PAF expression in various human cancers using the
information in the publicly available Oncomine database. Lung
tumors (15 of 37 analyses) frequently showed high expression
of PAF (Figure S1A). Analysis of multiple datasets showed that
among the lung cancer subtypes, PAF was expressed primarily
in LUAD and lung squamous cell carcinoma (LUSC) (Figures
1A-1C). We confirmed the upregulation of PAF in human LUAD
samples (31 of 55 [56%]) and no expression of PAF in normal
lung epithelium (12 cases) (Figure 1D; Table S1). These results
were also reproducible inimmunoblot analyses of human normal
lung tissues and LUAD patient-derived xenograft (PDX) samples
(Figure 1E). Intriguingly, Kaplan-Meier analysis of survival data
from multiple databases revealed that high PAF expression
was associated with poor prognosis in patients with LUAD but
not those with LUSC (Figures 1F, 1G, and S1B-S1D).

We further confirmed that PAF was highly upregulated in
various LUAD cell lines (Figure 1H). The primary PAF expres-
sion in LUAD cells was transcribed by a large transcriptional
variant (variant 1) among the two PAF variants (Figures S1E
and S1F). Also, PAF expression was induced in two well-
defined LUAD mouse models, KrastSt-6720/+ (K) and
KrastSt-G12D/+. Typpgfioxed/fioxed  (Kp) mijce (Figures 11 and
S1G) (DuPage et al., 2009). Moreover, the transient expres-
sion of KRAS®'P in non-PAF-expressing and non-trans-
formed cells (3T3, BJ, and IMR-90) induced PAF expression
(Figure 1J), implying that PAF expression in LUAD is likely to
be associated with oncogenic KRAS signaling.

Paf knockout suppresses lung tumorigenesis

We found that Paf-expressing cells were among the proliferating
cells in KP LUAD mouse tumors (54.5% of Ki67-positive and
29.4% of PCNA-positive cells, indicating proliferating cells, ex-
pressed Paf) (Figures 2A-2C, S2A, and S2B). Having observed
the robust expression of PAF in both human and mouse LUADs,

(C) Upregulation of PAF in human LUAD and lung squamous cell carcinoma (LUSC). Gene expression in tumor (T) versus normal (N) tissues was analyzed using
The Cancer Genome Atlas (TCGA) dataset (GEPIA; boxplots, one-way ANOVA, **p < 0.01).

(D) Increased levels of PAF protein in human LUAD. Immunohistochemistry (IHC) analysis of human lung cancer tissue microarray samples for PAF expression
(anti-PAF antibody). Normal lung (n = 12), LUAD (n = 55), LUSC (n = 48), small cell lung cancer (SCLC) (n = 8), and large cell carcinoma (LCC) (n = 4). PAF protein is
localized mainly in the nucleus of tumor cells. Scale bars, 100 um.

(E) PAF protein expression analyses in human normal lung and non-small cell lung cancer (NSCLC) samples. Five normal lung tissues and three PDX samples
(TC241, TC303, and TC314) were examined using immunoblotting for PAF with an anti-PAF antibody. Tubulin served as loading control. SE, short exposure; LE,
long exposure.

(F) Increased expression of PAF is associated with poor prognosis of lung cancer patients. Kaplan-Meier (KM) survival curves of patients with NSCLC, LUAD, and
LUSC on the basis of PAF expression. The analysis included 1,926 patients with NSCLC, 720 with LUAD, and 524 with LUSC in a publicly available database (KM
plotter; Probe = 211713_x_at).

(G) KM survival curves of 481 TCGA patients with LUAD by PAF expression. The lowest quartile was used as the cutoff for dividing PAF-low and PAF-high groups
(GEPIA; TCGA).

(H) PAF expression in LUAD cell lines. Whole-cell lysates of LUAD and SCLC cell lines were analyzed using immunoblotting for PAF with an anti-PAF antibody.
Tubulin served as loading control.

(I) Paf is expressed in mouse LUAD but not in normal lung tissues. IHC of normal mouse lungs and Kras
Ad-Cre administration). Scale bars, 50 um.

(J) Ectopic expression of KRAS®'2P induces PAF expression. Three non-transformed cell lines (3T3, BJ, and IMR-90) were transiently transfected with plasmids
encoding KRAS®'2P (HA tagged). After 48 h, each cell line was harvested for immunoblotting analysis of endogenous PAF expression. SE, short exposure; LE,
long exposure.

Representative images are shown.
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we asked whether PAF is required for lung tumorigenesis in vivo.
We generated Paf-knockout (KO) mice on KP compound strains
(Paf ~'—; KrastSt-G12D/+, Trpsgfioxedifioxed IpKp)) and administered
Ad-Cre to induce oncogenic Kras®'2P expression and Trp53 loss
in the lungs. Strikingly, PKP mice exhibited significant suppres-
sion of lung tumorigenesis, as assessed by macroscopic, micro-
scopic, and micro-computed tomographic (CT) analyses of lung
tumors (Figures 2D-2F, S2C, and S2D). The lung tumor numbers
and tumor burden were also remarkably lower in PKP mice than
in KP mice (Figures 2G and 2H). Furthermore, mice with Paf-KO
lung tumors (PKP mice) had reduced tumor cell proliferation as
shown by Ki67 staining (Figures 21 and S2E), with no difference
in cell death, as shown by cleaved caspase-3 staining, from
that in KP mice (Figures S2F and S2G). Importantly, PKP mice
had dramatically longer lifespans (median survival duration
353 days) than did KP mice (median survival duration 90 days),
and three of the nine PKP mice survived for more than 2 years,
having only a few small lung adenomas (Figures 2J and 2K).
Additionally, we examined the impact of Paf KO on Kras®'2P-
driven mouse lung tumorigenesis in mice with wild-type (WT)
Trp53 alleles. Similar to the results of the KP model, Paf KO
also suppressed Kras®'?P-driven lung tumorigenesis and signif-
icantly extended mouse lifespans (median survival duration
193 days in Kras"S-"672P+ mice versus 645 days in Paf /'
KrastSL-G12D/+ mice) (Figures 2L-2P and S2H-S2K), suggesting
that the role of PAF in lung tumorigenesis is somewhat
independent of TP53 status. Of note, we confirmed similar ge-
netic recombination events in KrastStG'20/* and Paf '
KrastS--G12D/+ mice after Ad-Cre infection by evaluating the
number of Kras®'2P-expressing cells (Figures S2L and S2M),
indicating that the tumor-suppressive effect of Paf KO is not
due to either intrinsic defects of lung epithelial cells on Ad-Cre
viral infection or different efficiency of Cre-loxP recombination.
These in vivo results suggest that Paf is required for lung tumor-
igenesis in mice.

Molecular Cell

PAF depletion induces cell quiescence and growth
arrest of lung cancer cells
Having determined that Paf KO suppresses in vivo lung tumori-
genesis, we next sought to address the impacts of PAF on
LUAD cell proliferation. Using lentiviruses encoding short hairpin
RNAs (shRNAs), we depleted the expression of endogenous Paf
in KP lung tumor cell lines (derived from lung tumors of KP mice)
(Figures S3A-S3C). Paf knockdown (KD) with shRNAs inhibited
the growth of lung tumor cells (Figures 3A-3C). The growth-
inhibitory effect of Paf depletion was reversed by ectopic expres-
sion of Paf (Figures 3D and S3D), confirming the specificity of
shRNA-mediated Paf targeting. Similarly, PAF depletion using
shRNAs inhibited the growth of human LUAD cell lines (KRAS-
mutated [A549] and KRAS/TP53-mutated [H23, H358, H1792,
and H1355] cells), which was also rescued by ectopic expression
of PAF (Figures 3E and S3E-S3G). Of note, cell viability, as-
sessed by immunostaining of the apoptosis marker cleaved cas-
pase-3, was not affected by PAF KD (Figures S3H and S3lI).
We next examined the effects of PAF depletion on the cell cy-
cle. Fluorescence-activated cell sorting (FACS) analysis showed
that the population of PAF-depleted lung cancer cells at the GO/
G1 phase was higher than that of control mouse and human lung
cancer cells (Figures 3F, 3G, and S3J). Cell synchronization as-
says further showed that Paf KD induced G0/G1 arrest in KP
cells and extended the cell division time (Figure 3H). Nuclear
and cytosolic localization of a fluorescent CDK2 activity sensor,
DHB-Venus, indicates GO/G1 and non-G0/G1 phases, respec-
tively (Spencer et al., 2013). Consistent with FACS results, the
CDK2 reporter assay showed an increased G0/G1 population
of PAF-depleted lung cancer cells (Figures 31 and 3J). A time-
lapse analysis showed that PAF-KD lung cancer cells slowly or
barely divided (Figure S3K). Consistently, we detected more
PAF-KD lung cancer cells than control cells at the GO phase (Fig-
ures 3K and 3L). These results suggest that PAF depletion in-
duces cell quiescence and growth arrest in LUAD cells.

Figure 2. Suppression of lung tumorigenesis by Paf knockout

(A-C) PAF expression in proliferating lung cancer cells. (A) Co-immunostaining of Paf/Pcna and (B) Paf/Ki67 in KP mouse lung tumors; scale bars, 20 um. (C)
Quantification of Paf* cells among Ki67* and PcNa* cell populations in KP lung tumors; data are from at least five fields; n > 200 tumor cells were analyzed. Error
bars indicate SEM.

(D-F) Macroscopic analysis of lungs from KP and PKP mice at 3 or 4 months after Ad-Cre induction. (D) Extensive lung tumor nodules were visible on the surface
of KP lungs, whereas no tumor nodules were found on the surface of PKP lungs; scale bars, 2 mm. (E) Hematoxylin and eosin (H&E) staining of lungs from KP
(3 months) and PKP mice (4 months). Scale bars, 2 mm for whole-lung sections and 100 um for magnified images. (F) Micro-CT images of lungs from KP
(3 months; n = 6) and PKP (3 months; n = 6) mice; scale bars, 2 mm. H, heart. Asterisk denotes tumor lesion.

(G and H) Paf knockout (KO) suppressed lung tumor growth. (G) Quantification of tumor number and (H) tumor burden in KP and PKP lung samples. The middle
sections of mouse lungs were analyzed to quantify tumor number. Tumor burden (percentage of total lung area) was calculated by measuring the tumor area in the
middle sections of mouse lungs (KP 3 months, n = 6; PKP 3 months, n = 5, PKP 4 months, n = 4); error bars indicate SEM.

() Paf KO reduced lung tumor cell proliferation. Quantification of Ki67* cells in KP and PKP lung tumors (see Figure S6C); at least 15 fields of 200x magnified
images from KP (n = 4) and PKP (n = 9) lung tumors were analyzed; error bars indicate SD.

(J) Representative images of H&E-stained lung sections of surviving PKP mice at the end of observation (2 years); three of nine PKP mice (33.3%) survived until
euthanasia.

(K) Paf KO extended mouse lifespan. KM survival curves of KP and PKP mice. KP median survival = 90 days (n = 10), PKP median survival = 353 days (n = 9). Log
rank (Mantel-Cox) test.

(L-P) Paf KO suppressed Kras®'?P-driven lung tumorigenesis. Lung samples from Kras-S-"72"* (4 months after Ad-Cre induction, n = 4) and Paf /~; Kras"St-
G72D/* mice (4 months after Ad-Cre induction, n = 5) were analyzed. (L) Images of H&E-stained lung sections; scale bars, 2 mm for whole-lung sections and 100 um
for magnified images of tumors. (M) Quantification of tumor number from the middle sections of mouse lung samples. (N) Quantification of tumor burden
calculated as in (H). (O) Cell proliferation analysis by quantification of Ki67* cells; at least 15 fields of 200 x magnified images from Kras-S-"¢72P/* (n = 4)and Paf /~;
KrastSt-G72D/+ (n = 5) lJung tumors were analyzed; error bars indicate SD. (P) KM survival curves; Kras“St"¢"20* median survival = 193 days (n = 6), Paf /~;Kras-S-
G72D/* median survival = 645 days (n = 7). Of seven Paf /~; Kras"S-"%72P/* mice, three (42.8%) survived until the end of observation (2 years). Log rank (Mantel-
Cox) test.

Representative images are shown. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Given the roles of PCNA in cell-cycle regulation and DNA repli-
cation (Moldovan et al., 2007), we asked whether PAF depletion-
induced phenotypes are due to the disruption of PCNA
functions. Previous in vitro studies showed that the PIP motif
(®>QKGIGEFF®®) of PAF is essential for binding to PCNA (Ema-
nuele et al., 2011; Hosokawa et al., 2007; Jung et al., 2013; Povl-
sen et al., 2012). Also, it has been suggested that the ubiquitina-
tion of PAF at lysine (Lys) residues 15 and 24 is essential for
PCNA binding to bypass the replication fork stalling that occurs
when DNA is damaged (Povlsen et al., 2012). The PAF deubiqui-
tination mutants (PAFK'®R PAFK24R  and PAFK1SR/K24R) gisso-
ciate PAF from PCNA and induce replication fork stalling in S
phase (Povlsen et al., 2012). We found that, similar to the PAF
WT cells (Figure S3G), the ectopic expression of PAF PIP mutant
(PAF mutPIP) or PAFK'SR PAFK24R  or PAFKISR/K24R mytants,
which no longer interact with PCNA, fully rescued PAF KD-
induced cell growth inhibition (Figures S3L and S3M). These
results suggest that PAF depletion-induced lung cancer cell
quiescence is independent of the PAF-PCNA interaction.

PAF positively modulates global cell-cycle genes
regulated by the DREAM complex

PAF upregulates cell proliferation-related genes (Jun et al.,
2013; Jung et al., 2013), which led us to explore the effects
of PAF expression on gene regulation during lung tumorigen-
esis. For this purpose, we used mouse KP (Kras®'?°"*/Trp53
KO) and human LUAD (H1792, KRAS/TP53-mutated) cell lines
for transcriptional profiling. RNA sequencing (RNA-seq) with
gene set enrichment analysis (GSEA) determined that cell-cy-
cle-related genes were markedly enriched in both mouse and
human PAF-activated gene sets (Figures 4A, 4B, and S4A; Ta-
ble S2). Notably, the DREAM complex-controlled gene sets,
which are generally associated with cell-cycle regulation and
cell quiescence, were significantly enriched both in mouse
and human PAF-activated gene sets (Figures 4B-4D; Tables
S2 and S3). Also, the G2/M phase-related and E2F4-bound
gene sets, which are regulated by the DREAM complex, were
highly enriched in the mouse and human PAF-related transcrip-
tomes (Figures 4B and 4C). Moreover, these PAF-upregulated
DREAM target genes were also associated with the gene set
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of poor LUAD survival (Figures 4B, 4C, and 4E; Table S3)
(Shedden et al., 2008). Quantitative real-time polymerase chain
reaction (QRT-PCR) analysis validated the downregulation of
DREAM target gene expression by PAF KD in murine KP and
human LUAD cells (Figures 4F and 4G). Furthermore, in silico
analyses showed a strong pattern of co-expression of PAF
with the DREAM complex target genes in LUAD patients (Fig-
ure S4B; Table S4). These results suggest that PAF positively
modulates the global expression of cell-cycle-related genes,
governed by the DREAM complex.

PAF leads to cell quiescence exit and cell proliferation
via the DREAM complex

Having observed the requirement of PAF for GO/G1 bypass, cell
proliferation, and the transcriptional activation of DREAM target
genes (see Figures 3 and 4), we next asked whether the repres-
sive DREAM complex mediates PAF depletion-induced cell
quiescence and growth arrest. Dual-specificity tyrosine phos-
phorylation-regulated kinase 1A (DYRK1A) phosphorylates
serine residue 28 (Ser28) of LIN52, a component of the MuvB
complex that is required for the interaction between p130 and
the MuvB complex to form the repressive DREAM complex for
GO0/G1 arrest (Litovchick et al., 2011). Conversely, harmine, an
inhibitor of DYRK1A, suppresses the Ser28 phosphorylation of
LIN52 and dissociates p130 from the MuvB complex, which re-
sults in bypass of GO/G1 arrest (Litovchick et al., 2011). Intrigu-
ingly, harmine treatment reduced GO/G1 arrest in PAF-depleted
murine KP and human LUAD cells (Figures 5A-5C and S5A-
S5E). To complement our harmine treatment experiments, we
also depleted the endogenous DYRK1A (using shRNA) and
ectopically expressed the LIN52528” mutant that no longer binds
to p130 in a dominant-negative fashion (Litovchick et al., 2011).
Similar to the harmine treatment results, DYRK1A depletion or
LIN525284 mutant expression reduced the GO/G1 arrest induced
by PAF depletion (Figures 5D, 5E, S5F, and S5G). Furthermore,
the genetic ablation of endogenous p130 also reduced the G0/
G1 arrest and rescued the cell growth inhibition induced by
PAF KD (Figures 5F-5K). These results suggest that the repres-
sive DREAM complex mediates PAF depletion-induced cell
quiescence and growth arrest.

Figure 3. PAF depletion induces quiescence and growth arrest of lung cancer cells

(A-E) Cell growth inhibition by PAF depletion. (A) Cell proliferation was assessed using crystal violet staining of control and Paf knockdown (KD) mouse lung
cancer cells (KP); two shRNAs targeting Paf (shPaf #1 and #2) were used. (B) Cumulative population doublings of control and Paf-KD KP cells. (C) Cumulative
population doublings of two different KP mouse lung cancer cell lines with Paf KD (KP836 and KP952 were established from two different Ad-Cre-induced KP
mice). (D) Cumulative population doublings for Paf rescue experiment in Paf-KD KP cells. Cells were stably transduced with PAF. (E) Cell proliferation analysis of
human LUAD cell lines with PAF KD; cumulative population doublings of five LUAD cell lines (A549, H23, H358, H1792, and H1355) that were stably transduced
with lentiviruses encoding shPAF #1 or #2. Two-way ANOVA with Tukey post hoc test.

(F-J) GO/G1 arrest by PAF KD in mouse and human LUAD cells. (F) Cell-cycle distribution of control (shCtrl) and PAF-KD (shPaf) mouse lung cancer cells was
assessed using propidium iodide (PI) staining followed by fluorescence-activated cell sorting (FACS) analysis (n = 30,000 cells). (G) Cell-cycle distribution of
control (shCtrl) and PAF-depleted (shPAF) human lung cancer cells (A549 and H1792); Pl staining with FACS analysis, n = 30,000 cells. (H) Analysis of cell-cycle
distribution in synchronized control and Paf-depleted KP cells by thymidine double block and PI staining-FACS analyses. (I) Visualization of GO/G1 cells by
nuclear localization of DHB-Venus in control and Paf-KD A549 and H1792 lung cancer cells stably transfected with shCtrl or shPAF with DHB-Venus; scale bars,
50 um. (J) Quantification of nuclear localization of DHB-Venus in control and PAF KD A549 and H1792 cells; n > 500 cells in at least ten different fields were
counted.

(Kand L) Increase of cell quiescence (G0) by PAF KD. (K) Density scatterplots of control versus PAF-KD H1792 cells. GO cells were assessed by pyronin Y and 7-
aminoactinomycin D (7-AAD) double staining followed by FACS analysis; cells with low RNA content (low pyronin Y) in GO/G1 phase were considered GO cells
(Schmid et al., 2000). (L) Quantification of cell-cycle phases in H1792 cells (control and PAF KD).

Representative images are shown. Error bars indicate SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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To complement the PAF loss-of-function approaches, we also
used a gain-of-function approach by ectopically expressing PAF
in cells that did not express it. 3T3 cells contain the intact
DREAM complex machinery (Litovchick et al., 2011) but display
no expression of PAF (see Figure 1J) (Hosokawa et al., 2007; Liu
et al.,, 2012). We found that PAF expression reduced cell
quiescence induced by serum starvation in 3T3 cells (Figures
5L-5N). Moreover, PAF expression diminished the serum starva-
tion-induced recruitment of p130 to the DREAM target gene
promoters (Figure 50). These results suggest that PAF expres-
sion per se is sufficient to bypass cell quiescence, possibly via
the DREAM complex.

PAF binds to RBBP4 and antagonizes DREAM complex
formation by inhibiting p130 recruitment

To dissect the underlying mechanism by which PAF modulates
the DREAM complex, we sought to identify PAF-interacting
proteins using tandem affinity purification and mass spectrom-
etry (TAP-MS) of nuclear extracts of HeLa S3 cells stably ex-
pressing an epitope-tagged PAF protein, as recently performed
(Jung et al., 2018). Intriguingly, TAP-MS identified RBBP4, a
component of the MuvB core in the DREAM complex, as a
binding partner of PAF (Figure 6A; Table S5). Co-immunopre-
cipitation (IP) validated the PAF-RBBP4 interaction in mouse
and human lung cancer cells at both the exogenous and
endogenous levels using anti-PAF and anti-RBBP4 antibodies
(Figures 6B, S6A, and S6B). We also found that PAF interacts
with LIN9 and LIN54, which are also MuvB core subunits,
and the transcription factor BMYB, but not with p130 and
E2F4 (Figures S6C-S6F). We searched for putative PAF-bind-
ing motifs in RBBP4 on the basis of the existing amino acid
(AA) sequences of PAF-interacting proteins. RBBP4 serves as
a platform for transcriptional complexes to bind to the chromo-
some (histone H4); this binding is mediated by the C terminus
of RBBP4 (Zhang et al., 2013). RBBP4 is composed of seven
WD (Trp-Asp) repeats, followed by the extruded region
(D346-G362 AA). We located a putative PAF-binding site (D-
L-S-x-I-G) in RBBP4’s extruded region that was similar to
one of PAF’s interaction motifs in PCNA (De Biasio et al.,
2015) (Figures 6C, 6D, and S6G-S6J). Of note, the PAF-
PCNA interaction happens mainly through the PIP motif (Q62-
F69 AA) of PAF, but the interaction between PAF N51-T58 AA
and PCNA R149-D156 AA regions also partially contributes to
the PAF-PCNA interaction (De Biasio et al., 2015) (Figures 6D
and S6H). Binding domain mapping analysis showed that this
extruded region (S346-E352 AA) of RBBP4 is essential for the
PAF-RBBP4 interaction (Figure 6E). Moreover, we validated
that the RBBP4-binding motif (RBM) is required for RBBP4
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binding in lung cancer cells by using PAF RBM mutant
(mutRBM) (Figures 6F and 6G).

Given the requirement of PAF for DREAM target gene transac-
tivation and the PAF-RBBP4 interaction, we next asked whether
PAF directly modulates the DREAM complex on the promoters of
DREAM target genes. Chromatin IP (ChIP) experiments showed
that PAF depletion increased recruitment of p130, RBBP4, and
LIN54 to the promoters of the DREAM target genes (CCNB1,
TOP2A, PLK1, and UBEZ2C) in both human (H1792) and mouse
(KP) lung cancer cells (Figures 6H and S6K). Also, colP results
showed that PAF KD increased the interaction between the
inhibitory components (p130 and E2F4) and MuvB core subunits
(RBBP4, LIN54, and LIN9) in mouse and human lung cancer cells
(Figures 61 and 6J). Of note, ChIP and sequential ChIP assays
showed that PAF occupied the DREAM target gene promoters
in association with the MuvB core components (RBBP4 and
LIN54) and BMYB in human and mouse lung cancer cells (Fig-
ures 6K and S6L).

On the basis of PAF’s interaction with RBBP4 and co-occu-
pancy of the DREAM target gene promoters, we next tested
whether PAF negatively regulates the repressive DREAM com-
plex formation on target gene promoters. On the basis of the
p130-RBBP4 interaction (Litovchick et al., 2011) and PAF-
RBBP4 binding, we speculated that PAF might inhibit the binding
of p130 to RBBPA4. In vitro pull-down assays showed that PAF
reduced the p130-RBBP4 interaction in a dose-dependent
manner (Figure 6L). To further validate our hypothesis, we re-
placed endogenous RBBP4 with a PAF binding-deficient
RBBP4 mutant (A347-362). Of note, RBBP4 KD induced severe
cell-cycle arrest and induced cell death at a later time point
compared with control cells (Figure 6M). Replacement of endog-
enous RBBP4 by RBBP4 WT rescued the cell-cycle arrest,
whereas the RBBP4 A347-362 mutant induced cell-cycle arrest
at GO/G1, similar to PAF depletion (Figures 6M and 6N), indi-
cating that the PAF-RBBP4 interaction is required for the exit
of cell-cycle arrest. We confirmed that RBBP4 A347-362 mutant
maintains the interaction with DREAM complex and its enrich-
ment on the DREAM complex target gene promoters (Figures
S6M and S6N). Moreover, the RBBP4 binding-deficient PAF
mutant (Figure 6G) could not rescue the PAF depletion pheno-
types, whereas PAF WT and PAF mutPIP did fully rescue the
cell-cycle arrest (Figures 60, 6P, and S60). These data indicate
again that the PAF-RBBP4 interaction is crucial for remodeling
the repressive DREAM complex for cell quiescence exit. Briefly,
PAF binds to RBBP4 and blocks the repressive DREAM complex
formation via inhibition of p130 binding to RBBP4, which leads to
transcriptional activation of cell proliferation-related DREAM
target genes (Figure 6Q).

(B) PAF-upregulated pathways in GSEA. Representative cell-cycle- and cancer-related pathways that were highly enriched (high normalized enrichment score
[NES] with the lowest p values) and overlapped with PAF-upregulated pathways in mouse (KP) and human (H1792) lung cancer cell lines are shown. Complete

GSEA results are in Table S3.

(C) GSEA plots for the DREAM_TARGETS, BOUND_BY_E2F4, and LUNG_CANCER_POOR_SURVIVAL pathways which were upregulated by PAF in mouse KP
and human lung cancer H1792 cell lines. The Fischer_DREAM_TARGETS (gene set size, n = 967) gene sets were highly associated with PAF-upregulated genes.
(D) Venn diagram showing overlap of PAF and DREAM complex target genes. PAF upregulated a considerable number (n = 429 of 967, H1792 cells) of DREAM

target genes.

(E) Venn diagram showing overlap of PAF-DREAM targets and genes related to poor lung cancer survival.
(F and G) Validation of expression of PAF-DREAM complex-regulated genes in control versus (F) PAF-KD mouse (KP836 and KP952) and (G) human (A549 and
H1792) lung cancer cell lines; gRT-PCR assays; error bars indicate SEM; *p < 0.05.
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Suppression of lung tumorigenesis by
pharmacologically mimicking PAF-DREAM axis

inhibition

Given the significant suppression of in vivo lung tumorigenesis by
Paf KO, we next sought to address whether pharmacological
mimicking of global PAF-DREAM target gene downregulation
could confer vulnerability to lung cancer cell growth. To identify
chemicals that downregulate PAF-DREAM complex target genes,
we used Connectivity Map (CMAP; https://clue.io/cmap), a drug
repurposing tool (Subramanian et al., 2017) (Table S6). On the ba-
sis of the high correlation of gene signatures between PAF-KD
transcriptomes (both human and mouse) and ones induced by
chemicals, we selected 13 candidates from among 2,837 chem-
ical compounds for further validation (Figures 7A and 7B; Table
S6). We next analyzed the clinical availability of the 13 chemical
compounds and their effects on GO/G1 cell-cycle arrest and
DREAM target gene downregulation (Figures 7B-7D, S7A, and
S7B), which identified pitavastatin and cyclosporin A (CsA) as
potent chemicals mimicking the PAF-depleted transcriptional
signature. Indeed, treatment with pitavastatin or CsA reduced
the growth of multiple LUAD cell lines in a dose-dependent
manner (Figures S7C and S7D). Additionally, PAF overexpression
partially restored the LUAD cell growth inhibited by pitavastatin or
CsA (Figure 7E), which validated the PAF-dependent mode of
these two chemicals. Moreover, harmine, which inhibits the
repressive DREAM complex, rescued pitavastatin- or CsA-
induced GO/G1 arrest of LUAD cells (Figures 7F, 7G, and S7E).
Similarly, p730 KO also rescued pitavastatin- or CsA-induced
LUAD cell growth arrest (Figure 7H). These data suggest that pit-
avastatin and CsA suppress lung cancer cell growth in a manner
that is partially but prominently dependent on the PAF-
DREAM axis.

Next, we assessed the impact of pitavastatin and CsA on
in vivo tumor growth. Treatment of xenograft-bearing mice with
either pitavastatin or CsA markedly inhibited the in vivo tumor
growth of LUAD cell line xenografts and KRAS/TP53-mutated
LUAD PDXs (TC241) with reduced PAF expression and cell pro-
liferation (Figures 7I-7L, 7M-70, 7Q-7S, and S7F). Also, we
confirmed the downregulation of DREAM target genes in pita-
vastatin- or CsA-treated PDX tumors (Figures 7P and 7T). These
results suggest that the pharmacological mimicking of PAF
depletion inhibits in vivo lung tumor growth.
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DISCUSSION

Accumulating evidence suggests the potential repressive role of
the DREAM complex in lung tumorigenesis. For instance, the
deletion of p130, an inhibitory subunit of the DREAM complex,
accelerates lung tumorigenesis (Ho et al., 2009), but the ablation
of Lin9, a core subunit of the MuvB complex, suppresses it
(Reichert et al., 2010). Furthermore, the DREAM target genes
FOXM1 and ECT2 were identified as biomarkers of poor prog-
nosis in lung cancer patients and are required for tumorigenesis
(Arinaga et al., 20083; Fields and Justilien, 2010; Justilien et al.,
2017; Kim et al., 2006; Wang et al., 2014). However, how the
DREAM complex is deregulated in lung tumorigenesis remains
elusive. Our comprehensive approaches identified PAF as an
RBBP4-interacting protein. PAF remodels the repressive
DREAM complex formation by inhibiting recruitment of p130 to
the MuvB complex, which transactivates global expression of
cell proliferation-related DREAM complex target genes. More-
over, the overexpression of the PAF-DREAM target gene sets
is closely correlated with poor clinical outcomes in LUAD (Fig-
ure 4E; Table S3), suggesting a pivotal role of the PAF-DREAM
axis in lung tumorigenesis.

It is noteworthy that PAF has been previously reported as a
target of the DREAM complex (Beshiri et al., 2012; Fischer
et al., 2016). Here, we found that PAF, as a downstream target
of RAS signaling (see Figure 1), inhibits formation of the DREAM
complex and induces global expression of cell-cycle-regulating
genes, indicating a potential positive feedback mechanism
between RAS and the PAF-DREAM axis. Although our experi-
mental results ruled out the involvement of PCNA in PAF-
induced cell quiescence exit and cell proliferation (see Figures
S3L and S3M), we cannot completely exclude the impacts of
PAF-mediated DNA repair and DNA replication on lung tumori-
genesis. Nonetheless, recent studies also showed that PAF’s
oncogenic roles are independent of PCNA-mediated DNA repair
and DNA replication (Kim et al., 2018; Ong et al., 2017; Wang
et al., 2016). Moreover, PAF ectopic expression per se acceler-
ates the cell cycle (Emanuele et al., 2011) and induces cell trans-
formation (Hosokawa et al., 2007; Kim et al., 2018; Liu et al.,
2012; Wang et al., 2016). Also, PAF and PCNA show different
cellular expression patterns in vivo (Kim et al., 2018) (see also
Figure 2). Moreover, Paf-KO mice are viable without any

Figure 5. PAF leads to cell quiescence exit and cell proliferation through repression of the DREAM complex

(A-C) Harmine treatment rescues the GO/G1 arrest of PAF-depleted A549 (A) and H1792 (B) cells. (C) quantifications of cell-cycle distribution shownin (A), (B), and
Figure S5C. The cell-cycle distribution of each cell line was analyzed using Pl staining and FACS.

(D and E) Ectopic expression of LIN52528A mutant that no longer binds to p130 in a dominant-negative manner rescues the GO/G1 arrest of PAF-KD A549 cells. (D)
The cell-cycle phases in the indicated conditions were analyzed using FACS with PI staining. LIN52 wild-type (WT) cells served as a control group. (E) Quan-
tification of cell-cycle phases.

(F-K) p130 KO rescues the G0/G1 and growth arrest induced by PAF KD. (F) Immunoblotting validation of p730 KO in A549 cells targeted by the CRISPR-Cas9
system (five sgRNAs were used). (G) Cumulative population doublings of PAF-KD A549 cells with p 730 KO (two sgRNAs [#2 and #4]). Two-way ANOVA with Tukey
post hoc test. (H and J) Cell-cycle analysis of PAF KD with p 730 KO (sgCtrl versus p730 KO) in A549 and H1792 cells; Pl staining and FACS. (I and K) Quantification
of cell-cycle phases in H and J.

(L-O) PAF per se induces cell quiescence exit and dissociation of p130 from DREAM complex target promoters. (L) Immunoblotting validation of PAF ectopic
expression in 3T3 cells, in which PAF is not expressed. (M) PAF ectopic expression reduces the serum starvation-induced G0/G1 phase of 3T3 cells; Pl staining-
FACS analysis. (N) Quantification of cell-cycle phases. (O) PAF inhibits the recruitment of p130 to the DREAM complex target gene promoters of serum-starved
3T3 cells. ChIP-gPCR analysis of the DREAM target gene promoters (Plk1 and Ccnb1) from each cell line (3T3, 3T3 in serum starvation, and 3T3 ectopically
expressing PAF in serum starvation); the ActB promoter served as a negative control.

Representative images are shown. Error bars indicate SEM. *p < 0.05 and **p < 0.01.
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discernible phenotypes (Kim et al., 2018), whereas Pcna KO is
embryonically lethal in mice (Moldovan et al., 2007). Importantly,
PAF mutants that no longer bind to PCNA are still engaged in
LUAD cell proliferation (Figures S3L, S3M, 6G, 60, 6P, and
S60). Hence, our results and those of previous studies support
the notion that independently of PCNA, PAF remodels the
DREAM complex for cell quiescence exit and cell proliferation
for lung tumorigenesis. Whereas PAF hyperactivates Wnt/p-cat-
enin signaling as a co-factor of the B-catenin transcriptional
complex in colorectal cancer (Jung et al., 2013), we observed
that PAF did not alter Wnt/B-catenin signaling in LUAD cells
(see Figure 4), implying that PAF-mediated gene regulation might
be somehow context dependent.

Although PAF is essential for lung tumorigenesis, Paf-KO mice
display no overt phenotypes (Kim et al., 2018), indicating that
PAF is dispensable for development and tissue homeostasis.
However, the genetic ablation of Lin9, Bmyb, or Foxm1, DREAM
complex components, leads to embryonic lethality in mice
(Krupczak-Hollis et al., 2004; Reichert et al., 2010; Tanaka
et al., 1999). Therefore, molecular targeting of PAF rather than
the DREAM complex may be appealing as a cancer therapy
because it is likely to have minimal effects on normal cells. The
synthetically lethal interaction between PAF and RAS oncogene
(Luo et al., 2009) also implies the potential of PAF targeting for
treatment of RAS-dependent cancers.

Our drug repurposing approach could include cytostatic
drugs, which might also inhibit cell growth along with DREAM
target gene downregulation. However, it should be noted that

Molecular Cell

not all of the 13 drugs identified from our CMAP analyses
induced GO/G1 arrest and downregulated DREAM target genes
(see Figures S7A and S7B), indicating how transcriptome-based
drug repositioning (CMAP) differs from conventional drug
screening. As is common with cytostatic drugs, it remains un-
clear whether the withdrawal of drugs targeting the PAF-DREAM
axis would restore cancer cell growth, a topic that needs to be
addressed in future studies.

Our transcriptome-based drug repositioning and validation
analyses determined that pitavastatin and CsA mimic the tran-
scriptional signatures of PAF depletion, but how pitavastatin
and CsA suppress DREAM target genes remains unclear. Pita-
vastatin is a third-generation lipophilic statin that inhibits the me-
valonate pathway (Duggan, 2012). However, among the statins
in our CMAP analysis (n = 13 total perturbagens), only pitavasta-
tin strongly mimicked the PAF-depleted transcriptome (see Ta-
ble S6). Thus, further studies regarding pitavastatin’s specific
inhibitory effects on lung cancer growth are required. CsA has
been used as an immunosuppressive drug for patients undergo-
ing organ transplantation and those with autoimmune disease; it
decreases T cell activity through inhibiting Ca®* signaling (Dunn
et al., 2001). Also, CsA has been recently tested for treatment of
several advanced cancers in combination with other drugs
(https://clinicaltrials.gov: NCT00983424, NCT02188264, and
NCTO00003950). Our CMAP analysis also identified two other
Ca®*-regulatory drugs, NNC-55-0396 and FK506. Both CsA
and FK506 interfere with Ca*-NFAT signaling (Mancini and
Toker, 2009), which is implicated in cancer. Though the

Figure 6. PAF binds to RBBP4 and antagonizes DREAM complex formation by inhibiting p130 recruitment

(A) Identification of PAF-interacting proteins. HeLa S3 cells stably expressing PAF were processed for TAP-MS/MS. PAF-interacting protein candidates were
listed.

(B) Endogenous interaction between PAF and RBBP4. Co-immunoprecipitation (IP)-immunoblotting (IB) analysis in A549 cells. PAF-IP (upper panel) and RBBP4-
IP (lower panel). Immunoglobulin IgG, negative control for IP; LC, light-chain of IgG.

(C) Comparative amino acid sequence analysis of potential PAF binding motif in RBBP4 with that in PCNA. Pale green dots, AAs for PAF binding in RBBP4 and
PCNA; violet dots, AAs for histone H4 (HH4) binding in RBBP4.

(D) Potential RBBP4-binding motif (RBM) in PAF. Putative RBM (*'NPVCVRPT®®) is located in PCNA-interacting region. Of note, PAF binds to PCNA via PIP motif
((2QKGIGEFF®®) and S'"NPVCVRPT®® region (De Biasio et al., 2015).

(E) In vitro binding assay of mutant RBBP4 (A347-362 and A348-352) with PAF. Each protein generated by in vitro transcription and translation was used for colP
and IB.

(F and G) Putative RBM sequence of PAF is required for RBBP4 binding. Amino acid sequences of PAF wild-type (PAF WT), PAF RBM mutant (PAF mutRBM), and
PAF PIP mutant (PAF mutPIP) (F). Binding assay of RBBP4 with FLAG-tagged PAF WT and PAF mutRBM (G). Stably transfected A549 cells were used for colP
and IB.

(H) Enrichment of the DREAM components on target gene promoters. The promoter occupancy of p130, RBBP4, and LIN54 on the representative DREAM
complex target gene promoters (CCNB1, TOP2A, PLK1, and UBE2C) were analyzed using ChIP-gPCR using human (H1792; control: EV [empty vector]
versus shPAF).

(I and J) Increased association of p130-E2F4 with MuvB complex by PAF depletion. ColP analysis of DREAM complex using anti-p130 (I) or anti-E2F4 (J) an-
tibodies in control versus PAF-KD KP and H1792 cells. IgG served as a negative control for colP.

(K) Enrichment of PAF on the DREAM target gene promoters. A549 cells stably expressing FLAG-PAF were analyzed using ChIP-gPCR. No-antibody condition
and GAPDH served as negative controls.

(L) Inhibition of p130-RBBP4 binding by PAF. In vitro competition assay of p130, RBBP4, and PAF. In vitro transcribed and translated p130, RBBP4, and PAF
proteins were mixed and processed for colP and IB. Asterisks indicate the IgG heavy chain.

(M and N) The replacement of RBBP4 with RBBP4 A347-362 mutant induced GO/G1 arrest. The cell-cycle phases were analyzed in A549 cells that transiently
expressed shRBBP4 with GFP (control), RBBP4 wild-type (RBBP4 WT), or RBBP4 A347-362 mutant (RBBP4 A347-362). Pl staining with FACS analysis (M) and
the quantification of cell-cycle phases (N).

(O and P) The PAF mutRBM could not rescue the GO/G1 arrest induced by PAF depletion. The cell-cycle phases were analyzed in A549 shPAF cells that stably
expressed GFP (control), PAF wild-type (PAF WT), or PAF mutRBM. PI staining with FACS analysis (O) and the quantification of cell-cycle phases (P).

(Q) The illustration of the working model, PAF-deregulated DREAM complex for cell quiescence exit and proliferation. PAF dissociates p130-E2F4, gene
repression unit, from the DREAM complex, leading to transactivation of the cell proliferative genes (DREAM targets) and promote cell quiescence exit and
proliferation of lung cancer cells.

Representative images are shown. Error bars indicate SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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mechanisms of action of pitavastatin and CsA need to be further
explored in the future, we demonstrated that both drugs sup-
press lung tumor growth via suppressing the PAF-DREAM axis
(see Figures 7E-7TH), in line with the significant suppression of
mouse lung tumorigenesis by Paf KO. These results strongly
suggest that pharmacological intervention targeting the PAF-
DREAM axis might confer therapeutic vulnerabilities in lung
cancer.

In sum, our study unveiled how PAF deregulates the DREAM
complex to promote cell quiescence exit and proliferation for
lung tumorigenesis. Furthermore, our comprehensive ap-
proaches propose the PAF-DREAM axis as a target for lung can-
cer treatment.
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Figure 7. Suppression of lung tumorigenesis by pharmacological mimicking of PAF-dREAM axis inhibition

(A) Connectivity MAP (CMAP) analysis of PAF-depleted human (H1792) and mouse (KP) transcriptomes (RNA-seq). The chemicals displaying perturbagens with
high percentage of connection (PC) were selected for further analysis.

(B) Schematic of the screening for PAF depletion-mimicking drugs.

(C) GO/G1 arrest induced by pitavastatin and CsA. Cell-cycle analysis of control versus pitavastatin-treated (1 uM, 24 h) and CsA-treated (5 uM, 24 h) KP lung
cancer cells by FACS.

(D) Downregulation of DREAM target genes by pitavastatin (1 uM, 48 h) and CsA (5 pM, 48 h) in KP cells; qRT-PCR; error bars indicate SEM.

(E) Partial rescue of pitavastatin- or CsA-induced growth inhibition by ectopic expression of PAF. The cell growth of PAF-overexpressing (PAF-oe) A549 cells and
parental cells treated with pitavastatin (5 uM) and CsA (5 uM) is shown.

(F-H) Rescue of pitavastatin- or CsA-induced growth inhibition by DREAM complex dissociation. Harmine treatment reduced the GO/G1 arrest induced by (F)
pitavastatin or (G) CsA treatment; Pl staining-FACS analysis. (H) p730 KO rescued the growth inhibition induced by pitavastatin or CsA treatment. Stably
transduced sgCtrl and p730 KO (sgRNA2) A549 cells were used.

(I-L) Growth inhibition of LUAD xenografts by pitavastatin or CsA. Immunocompromised mice were subcutaneously injected with H1792 cells. (I) Relative tumor
volumes of vehicle-treated (n = 4) or pitavastatin-treated (n = 6) H1792 xenografts. (J) Reduced cell proliferation of H1792 xenografts by pitavastatin; quantifi-
cation of Ki67 staining in vehicle- versus pitavastatin-treated H1792 xenografts. (K) Relative tumor volumes of vehicle-treated (n = 3) or CsA-treated (n = 4) H1792
xenografts. (L) Reduced cell proliferation of H1792 xenografts by CsA; quantification of Ki67 staining in vehicle- versus CsA-treated H1792 xenografts. Tumors
were monitored for 6 weeks. Images of xenograft tumors at the endpoints are shown, error bars indicate SD. Student’s t test was used in (J) and (L). Two-way
ANOVA with Tukey post hoc test was used in (l) and (K).

(M-P) Inhibition of LUAD PDX growth by pitavastatin. (M) Relative tumor volumes of TC241 PDXs treated with vehicle (n = 5) or pitavastatin (n = 5, 10 mg/kg); error
bars indicate SD. Two-way ANOVA with Tukey post hoc test. (N and O) Reduced PAF expression and cell proliferation of PDX by pitavastatin. (N) Representative
images of PAF and Ki67 immunostaining and (O) quantification of Ki67 in vehicle- versus pitavastatin-treated TC241 PDXs; error bars indicate SD. (P) Down-
regulation of DREAM target gene expression by pitavastatin; qRT-PCR (n = 3); error bars indicate SEM.

(Q-T) Inhibition of LUAD PDX growth by CsA. (Q) Relative tumor volumes of TC241 PDXs treated with vehicle (n = 6) or CsA (n = 6, 10 mg/kg); error bars indicate
SD. Two-way ANOVA with Tukey post hoc test. (R and S) Reduced PAF expression and cell proliferation in PDXs by CsA. (R) Representative images of PAF and
Ki67 immunostaining and (S) quantification of Ki67 in the vehicle- versus CsA-treated TC241 PDXs; error bars indicate SD. (T) Downregulation of DREAM target
gene expression by CsA; gRT-PCR (n = 3); error bars indicate SEM.

Representative images are shown. *p < 0.05, **p < 0.01, and ***p < 0.001.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-PAF (KIAA0101)
Mouse anti-PAF (KIAA0101)

Mouse anti-PAF (KIAA0101)
Rabbit anti-PCNA

Rabbit anti-Ki67

Rabbit anti-Cleaved Caspase-3

Mouse anti-RBBP4 (13D10)

Rabbit anti-RBBP4

Mouse anti-LIN9
Mouse anti-p130 (RBL2)

Rabbit anti-E2F4

Mouse anti-E2F4
Rabbit anti-LIN54

Rabbit anti-B MYB (phosphor T487)

Mouse anti-FOXM1 (G-5)

Rabbit anti-alpha-Tubulin

Rabbit anti-RAS (mutated G12D)
Mouse Anti-FLAG (M2)

Mouse anti-HA (3F10)

Rabbit Anti-Mouse IgG (Light Chain
Specific) (D3V2A) HRP Conjugate

Santa Cruz Biotechnology
Abcam

Abcam
Cell Signaling Technology

Abcam

Cell Signaling Technology

GeneTex

Bethyl

Santa Cruz Biotechnology
Cell Signaling Technology

Bethyl

Santa Cruz Biotechnology
Bethyl

Abcam

Santa Cruz Biotechnology

Cell Signaling Technology

Abcam
Sigma-Aldrich

Roche

Cell Signaling Technology

Cat# sc-390515

Cat# ab56773;
RRID: AB_943922

Cat# ab226255

Cat# 13110;
RRID: AB_2636979

Cat# ab16667;
RRID: AB_302459

Cat# 9664;
RRID: AB_2070042

Cat# GTX70234;
RRID: AB_372871

Cat# A301-206A;
RRID: AB_890631

Cat# sc-398234

Cat# 13610S;
RRID: AB_2798274

Cat# A302-134A;
RRID: AB_1720353

Cat# sc-398543

Cat# A303-799A;
RRID: AB_11218173

Cat# ab76009;
RRID: AB_1309969

Cat# sc-376471;
RRID: AB_11150135

Cati# 2144;
RRID: AB_2210548

Cat# ab221163

Cat# F3165;

RRID: AB_259529
Cat# 11867423001;
RRID: AB_390918
Cat# 58802;

RRID: AB_2799549

Chemicals, peptides, and recombinant proteins

Harmine Abcam Cat# ab120225
Pitavastatin Selleckchem Cat# S1759
Cyclosporin A Selleckchem Cat# S2286
Experimental models: cell lines

H322 ATCC Cat# CRL-5806
H358 ATCC Cat# CRL-5807
A549 ATCC Cat# CCL-185
H23 ATCC Cat# CRL-5800
H1299 ATCC Cat# CRL-5803
H1355 ATCC Cat# CRL5865

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
H1792 ATCC Cat# CRL-5895
H1975 ATCC Cat# CRL-5908
H460 ATCC Cat# HTB-177
NIH/3T3 ATCC Cat#CRL-1658
Biological samples
Human normal lung samples Laboratory of Dr. Bingliang Fang (MDACC) N/A
TC241(PDX) Laboratory of Dr. Bingliang Fang (MDACC) N/A
TC303 (PDX) Laboratory of Dr. Bingliang Fang (MDACC) N/A
TC314 (PDX) Laboratory of Dr. Bingliang Fang (MDACC) N/A
Experimental models: organisms/strains
Mouse: B6.129S4-Kras™*™i/J The Jackson Laboratory JAX:008179;
RRID: IMSR_JAX:008179
Mouse: B6.129P2-Trp53™ 187/ The Jackson Laboratory JAX:008462;
RRID: IMSR_JAX:008462
Mouse: NOD.CB17-Prkdcs°/J The Jackson Laboratory JAX: 001303;
RRID: IMSR_JAX:001303
Mouse: J.NU The Jackson Laboratory JAX: 007850;

RRID: IMSR_JAX:007850

Recombinant DNA

Human shPAF #1 Sigma TRCNO0000278496
Human shPAF #2 Sigma TRCNO0000278497
shGFP Sigma SHCO005

Mouse shPAF #1 Dharmacon V2LMM_11233
Mouse shPAF #2 Dharmacon V2LMM_16348
Human shDYRK1A Dharmacon V2LHS_113582
GIPZ shRNA Empty Dharmacon RHS4349
pLenti-FLAG-PAF This paper N/A
pLenti-FLAG-PAF mutRBM This paper N/A
pLenti-FLAG-PAF mutPIP This paper N/A
pLenti-FLAG-PAF mutPIP, mutRBM This paper N/A
pLenti-FLAG-PAF K15R This paper N/A
pLenti-FLAG-PAF K24R This paper N/A
pLenti-FLAG-PAF K15R/K24R This paper N/A
pCDNA-FLAG-PAF This paper N/A
pCDNA-FLAG-RBBP4 This paper N/A
pCDNA-FLAG-RBBP4 A347-362 This paper N/A
pCDNA-FLAG-RBBP4 A348-352 This paper N/A
CSII-EF-DHB-mVenus (Spencer et al., 2013) N/A
pLentiCRISPRv2-hygro Addgene Cat# 98291

Software and algorithms

GSEA software Broad Institute of MIT and Harvard https://www.gsea-msigdb.org/gsea/
University index.jsp
CONNECTIVITY MAP (CMap) Broad Institute of MIT https://clue.io/cmap
GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-
software/prism/
Imaged ImageJ https://imagej.net/Fiji
FlowJo FlowJo LLC https://www.flowjo.com/solutions/flowjo/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

TnT Quick Coupled Transcription/ Promega Cat# L1170

Translation System

Deposited data

RNA-Seq dataset This paper GEO: GSE136571 and GSE147305
Oligonucleotides

Primers for gPCR, ChIP assay, and This paper (Table S7) N/A

genotyping

RESOURCE AVAILABILITY

Lead contact
Additional information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jae-lI
Park (jaeil@mdanderson.org).

Materials availability
The materials will be available upon request.

Data and code availability
Raw data are available from Mendeley Data under: https://doi.org/10.17632/vdz3856jdy.1. The accession numbers for RNA-seq
data reported in this paper are GSE136571 and GSE147305.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mouse experiments were approved by the MD Anderson Institutional Animal Care and Use Committee (IACUC) and performed under
MD Anderson guidelines and Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) international stan-
dards. Paf KO mice from a previously established model (Kim et al., 2018) were used. Kras-S-¢72P+ (#008179) and Trp537oxe/floxed
(#008462) mice were obtained from the Jackson Laboratory. Kras-St-G72P/+, Tppsgfioxed/ioxed (Kp) - paf~/=; Kras-S--G720/* (PK), and
Paf~'~; KrastSt-G12D/+, Typ53fioxed/iioxed (pK Py compound strains were generated by breeding, with validation of genotypes as previously
described (DuPage et al., 2009). To induce murine lung tumors, male and female mice (8-10 weeks old) were anesthetized by isoflurane
and intratracheally administered 2.5 x 107 plaque-forming units of Ad-Cre (The University of lowa Viral Vector Core Facility).

Cell lines and cell culture

Human NSCLC cell lines (A549, H358, H460, H23, H1792, H1975, H1355, and H1299) and NIH/3T3 cell line were purchased from
ATCC. All NSCLC cell lines were grown in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(10,000 U/mL). NIH/3T3 cells were grown in Dulbecco’s modified Eagle medium (DMEM) with 10% FBS and 1% penicillin/strepto-
mycin. To establish murine lung cancer cell lines, 4 to 10 weeks after Ad-Cre infection, lung tumor nodules of KP mice were collected,
minced, and dissociated with Trypsin LE. The cell lines were established after eight passages with complete removal of fibroblasts.
Murine lung cancer cell lines (KP cell lines) were maintained in DMEM with 10% FBS and 1% penicillin/streptomycin (10,000 U/mL).
Three murine KP cell lines (KP836, KP952, and KP944) were derived from three different KP mice. Genotyping of KP cell lines was
confirmed by genomic DNA PCR as previously described (DuPage et al., 2009) (see Figure S3A).

Xenograft transplantation

Female 6- to 8-week-old BALB/c nude mice were used for xenograft transplantation assays. For H1792 cell line xenografts, 5 x 10°
cells were mixed in a 50% volume of Matrigel (BD Bioscience) and subcutaneously injected into the dorsal flank of the mice. For PDXs
(Patient-derived xenografts) transplantation, early passages (p < 6) of human LUAD sample TC241, which harbors KRAS oncogenic
(G12S) and TP53 inactivating mutations (R209W), were used. Tumors were cut into pieces, and one piece of tumor was implanted per
mouse. After injection or transplantation, mice were monitored daily. Caliper measurements started when tumors became visible.
Tumor volumes were measured every 2 days and calculated using the following formula: tumor volume (mm?®) = (I x w?)/ 2, in which
| (length) and w (width) refer to the long and short diameters of 2 perpendicular tumor axes, respectively. When tumor volume reached
50~70 mm?, mice were randomly assigned to treatment groups and treated with vehicle, pitavastatin (10 mg/kg), or CsA (10 mg/kg)
every 2 days. Treated mice were monitored daily. Lung tumors were collected for immunohistochemistry (IHC) and gRT-PCR at
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40~60 and 50~-80 days after treatment, respectively. All animal procedures were performed in accordance with the guidelines of the
AAALAC and with institutionally (MD Anderson Cancer Center) approved protocols (IACUC #00001377).

Human samples

PDXs were generated in accordance with protocols approved by the Institutional Review Board at The University of Texas MD
Anderson Cancer Center (IRB # Lab10-0704) and IACUC (IACUC #00001377). The study was compliant with all relevant ethical reg-
ulations regarding research with animals and human participants. Information on human research participants (gender, age, pathol-
ogy, mutation, and treatment categories) used in transplantation is listed in Table S7.

METHOD DETAILS

PAF expression analysis in silico and in tissue microarrays

In silico analysis of PAF expression in lung cancer patients was analyzed using Oncomine (https://www.oncomine.org) and the GEO
database (https://www.ncbi.nim.nih.gov/geo). For Oncomine data, we analyzed cDNA microarray datasets of all cancers and normal
tissue samples (p < 0.0001; fold change > 2; 10% top-ranked). The accession number GDS1650 with probes and 38116_at was
selected for GEO analysis. For assessing PAF expression in human lung cancer samples, lung cancer tissue microarrays
(BCO41115¢c and LC721; Biomax) were used for IHC using a PAF (G-11) antibody.

Kaplan-Meier survival analysis

Kaplan—-Meier survival analysis was performed using the publicly available database Kaplan-Meier Plotter (http://kmplot.com/
analysis/). In the lung cancer gene-chip dataset, the correlation analysis was performed with the following options: two probes for
PAF/KIAA0101 (202503_s_at and 211713_x_at); splitting patients by median; follow-up threshold: 60 months; restrict analysis to sub-
types of histology: NSCLC, LUAD, and LUSC. In the pan-cancer RNA-Seq dataset, the correlation analysis was performed with the
following options: RNA-Seq ID: PCLAF (PAF/KIAAQ0101); splitting patients by median; follow-up threshold: 60 months; restrict anal-
ysis to subtypes of histology: LUAD and LUSC; log-rank test.

Plasmids, transfections, and viral infections

Viral infection and selection of human NSCLC cell lines were performed as previously described (Jung et al., 2013). Human shRNAs
against PAF (shPAF#1, TRCN0000278496; shPAF#2, TRCN0000278497) were used for generating PAF KD cells. To obtain stable Paf
KD murine lung cancer cell lines, shRNAs against Paf (GIPZ mouse Pclaf shRNA, Dharmacon; V2LMM_11233, V2LMM_16348) were
used. Lentivirus-infected KP cells were sorted by FACS (GFP positive) and continuously selected by puromycin (2~5 pug/mL). Cell
lines transfected with shGFP (TRC shRNA) or empty vector (GIPZ empty) were used as controls. Plasmids encoding the open reading
frames of PAF and RBBP4 were obtained from the Functional Genomics Core Facility at MD Anderson Cancer Center. All gene
expression plasmids were constructed from cDNA libraries or ORF sources using PCR and cloned into pcDNA-3xFLAG (N terminus)
or pLenti-3xFLAG (N terminus)-hygro mammalian expression plasmids, as previously performed (Jung et al., 2013). pLenti-3xFLAG
(N terminus)-hygro plasmids were used for rescue experiments (hygromycin selection, 150~200 pg/mL). Mutant constructs were
generated by site-directed mutagenesis using PCR. The pcDNA-HA-p130 plasmid was kindly provided by Larisa Litovchick.

CRISPR/Cas9 gene editing

Knockout (KO) of p730 was performed by CRISPR/Cas9 genome editing using pLentiCRISPRv2 (Addgene plasmid #52961). Five
single guide RNA (sgRNA) targeting sequences against exon 1 of p130 were designed using Benchling software (https://www.
benchling.com/crispr/) and cloned into a pLentiCRISPRv2-hygro vector. An empty sgRNA vector was used as a negative control.
After 1 week of selection with 150 ug/mL hygromycin, the pool of lentivirus-infected A549 shPAF#2 cells were collected and
subjected to western blotting to determine the p130 protein level. The five targeting sequences against p130 were: #1: 5'-
GGGTGCGCTATGCCGTCGGG-3', #2: 5'-CTCAGATCCAGCAGCGGTTC-3/, #3: 5'-CCTCAACATGGACGAGGCGG-3, #4: 5'-CAG-
CATGAGCGAAAGCTACA-3, and #5: 5'-CATGAGCGAAAGCTACACGC-3'.

RNA-sequencing and GSEA

The total RNA from shCtrl- and shPAF-infected KP and H1792 LUAD cells (two biological replicates, n = 2) were used for RNA-Seq.
Generation of mRNA libraries, transcriptome sequencing with differential expression analysis were performed by Novogene using an
lllumina Hiseq PE150 system. Reads were mapped by Tophat2, and differentially expressed genes were defined by the DESeq2
package for R as p,qj < 0.05 (mouse) and p,g; < 0.01 (human). GSEA analysis was performed with normalized fragments per kilobase
of transcript per million mapped reads (FPKM) of all genes with default parameters (number of permutations = 1000, collapse data-
set = true, permutation type = gene-set, weighted [default, p = 1], and ranked metrics).

Co-expression analysis of PAF and DREAM complex targets

Genes whose expression was correlated with that of PAF were identified by cBioPortal (http://www.cbioportal.org/) using the data-
sets for LUAD (TCGA, pan-cancer, n =503 and TCGA, Cancer Genome Atlas Research Network, 2014, n =230) and by co-expression
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analysis (MRNA expression Z-score threshold + 2.0, Spearman correlation > 0.5, p-values and g-values < 10~%). Among the PAF co-
expressed genes whose expression overlapped with that of DREAM targets are listed in Table S4.

Gene expression analysis by qRT-PCR

RNAs were extracted by TRIzol (Invitrogen) and used to synthesize cDNAs using the iScript cDNA synthesis kit (Biorad). gRT-PCR
was performed using an Applied Biosystems 7500 Real-Time PCR machine with the primers listed in Table S7. Target gene expres-
sion was normalized to that of mouse Hprt7 or human GAPDH. Comparative 222 methods were used for the quantification of gqRT-
PCR results.

Cell cycle analysis

For cell cycle analysis, trypsinized cells were fixed with 70% ethanol for 2 h at —20°C and washed twice with phosphate-buffered
saline (PBS). Next, 1 x 10° cells were resuspended and incubated with RNase A (20 ug/mL) and propidium iodide solution
(50 ng/mL) for 30 min. Singlet cells were analyzed by FACS. For cell synchronization assays, cells were arrested in G1/S by double
thymidine block, and released cells (S phase) were collected at each time point for FACS analysis. For the assessment of cells at GO,
freshly ethanol-fixed cells (1 x 10°) were incubated with pyronin Y (1 ug/mL) and 7-aminoactinomycin D (7-AAD; 5 ug/mL) for 45 min
at 37°C, and low-RNA-content cells (low pyronin Y signals) were defined as GO cells on FACS analysis (Schmid et al., 2000). For anal-
ysis of the cell cycle phases of DYRK1A KD cells, an shRNA (co-expressing a GFP reporter) against DYRK1A was transiently trans-
fected into shPAF stably transfected H1792 cells. Cells were fixed with 4% paraformaldehyde. Cell cycle phases of GFP-positive
(shDYRK1A-transfected) and GFP-negative (uninfected) H1792 cells were analyzed by FACS with 7-AAD staining. All cells were
cultured at 60~80% confluence.

Cell growth assays

To measure cell proliferation, the same number of cells per well were seeded onto six-well plates in triplicate and grown for 3~6 days.
Cell growth rates were analyzed by daily cell counting with a Bio-Rad TC10 automated cell counter or by measuring optical density
(OD values, 590 nm) at the end point after crystal violet staining. For cell growth assays with chemical treatment, fresh chemicals were
added to the media every 3 days.

Tandem affinity purification and mass spectrometry

TAP-MS was performed as previously described (Jung et al., 2018). Cells were collected in 15 mL ice-cold NETN buffer (20 mM Tris,
pH 8.0, 100 mM NaCl, 0.5 mM EDTA, and 0.5% NP-40; freshly supplemented with proteinase and phosphatase inhibitors) and
shaken at 4 °C for 20 min. Lysates were subjected to centrifugation at 4 °C and 13,148 g for 15 min. Transferred supernatants
were incubated with streptavidin-conjugated beads (Amersham) for 1 h at 4 °C. After three washes with NETN buffer, the beads
were transferred to a new tube, and interacting proteins were eluted with 1.5 mL NETN buffer and 2 mg/mL biotin (Sigma) for
90 min at 4 °C. The eluted proteins were transferred and incubated with S-protein beads (Novagen) for 1 h. The beads were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) after three washing steps. Protein bands were excised
and subjected to mass spectrometry analysis. After excised gel bands were cut into ~1 mm?® pieces, in-gel trypsin digestion was
performed. Dried samples were reconstituted in 5 uL of high-performance liquid chromatography (HPLC) solvent A (2.5% acetoni-
trile, 0.1% formic acid). By packing 5-um C18 spherical silica beads into a fused-silica capillary (100-um inner diameter x ~20-cm
length) with a flame-drawn tip, a nanoscale reverse-phase HPLC capillary column was created. After the column was equilibrated,
each sample was loaded onto the column using a Famos autosampler (LC Packings), and peptides were eluted with increasing con-
centrations of solvent B (97.5% acetonitrile, 0.1% formic acid). Eluted peptides were subjected to electrospray ionization and then
entered into an LTQ Velos ion-trap mass spectrometer (Thermo). After peptides were detected, isolated, and fragmented to produce
a tandem mass spectrum of specific fragment ions for each peptide, peptide sequences were determined by matching protein da-
tabases (the human IPI database version 3.6) with the acquired fragmentation patterns using the software program SEQUEST
(version 28) (Thermo). The specificity of the enzyme was set to partially tryptic with two missed cleavages. Carboxyamidomethyl (cys-
teines, fixed) and oxidation (methionine, variable) were included in the modification. Mass tolerance was set to 2.0 for precursor ions
and 1.0 for fragment ions. To achieve a false discovery rate of less than 1% at the peptide level, spectral matches were filtered based
on the target-decoy method. Finally, only tryptic matches were reported, and spectral matches were manually examined. Peptides
that matched to multiple proteins were assigned so that only the most logical protein was included (Occam’s razor).

Immunoprecipitation and immunoblotting

For IP, whole-cell lysates were extracted using EBC lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% NP-40; freshly supple-
mented with protease and phosphatase inhibitor mixtures) for 30 min at 4°C, followed by centrifugation (12000 g for 10 min). For
IP analysis of exogenous protein-protein interactions, whole-cell lysates extracted from stable cells transfected with Flag-tagged
PAF or RBBP4 were incubated for 2 h with 15 uL of M2 magnetic beads (Sigma; M8823). For IP analysis of endogenous protein-pro-
tein interactions, whole-cell lysates extracted from control or stably transfected KP or A549 cells (shGFP or shPAF) were incubated
overnight with protein G Dynabeads (Thermo) and 2~5 ng antibodies against PAF (Santa Cruz), PAF (Abcam), RBBP4 (GeneTex),
RBBP4 (Bethyl), p130 (Cell Signaling), E2F4 (Bethyl), LIN54 (Bethyl), BMYB (Abcam), and FOXM1 (Santa Cruz). After three to five
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washes with EBC lysis buffer, precipitates were eluted with SDS sample buffer and analyzed using immunoblotting. For analysis of
PAF protein levels in NSCLC and PAF KD cells, radioimmunoprecipitation assay buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and protease and phosphatase inhibitor mixtures) was used for whole-cell lysate prepara-
tion. For in vitro transcription and translation and binding assays, FLAG-PAF, FLAG-RBBP4, and HA-p130 were obtained with an
in vitro TnT coupled system (Promega) and immunoprecipitated using anti-HA magnetic beads (Thermo). Immunoblot blocking
and antibody incubation were conducted using 2% bovine serum albumin or 5% nonfat dry milk in TBST (25 mM, pH 8.0,
125 mM NaCl, and 0.1% Tween-20). SuperSignal West Pico and Femto (Thermo) were used to detect horseradish peroxidase-con-
jugated secondary antibodies. The following antibodies were used for immunoblotting: PAF (Santa Cruz, 1:5000), RBBP4 (GeneTex,
1:10000), p130 (Cell Signaling, 1:5000), E2F4 (Bethyl, 1:10000), E2F4 (Santa Cruz, 1:2000), LIN9 (Santa Cruz, 1:2000), LIN54 (Bethyl,
1:10000), FLAG M2 (Thermo,1:20000), and HA (Roche, 1:2000).

Chromatin immunoprecipitation

ChIP assays were performed as previously described with minor modifications (Kim et al., 2018; Litovchick et al., 2007). Briefly, cells
were cross-linked with 1% formaldehyde for 15 min at room temperature. Formaldehyde was quenched by adding glycine (final con-
centration, 0.125 M). After the cells were washed with cold PBS, the cells were harvested with lysis buffer (20 mM Tris, pH 8.0, 85 mM
KClI, 0.5% NP-40, freshly supplemented with a protease inhibitor mixture) and rocked at 4°C for 15 min. Pellets containing chromatin
were collected by centrifugation, resuspended in nuclear lysis buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS), and subjected to
sonication (30 s on and 30 s off, 80 times, Bioruptor 300 [Diagenode]). The supernatant was collected by centrifugation and diluted 20
times in IP buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% NP-40, and a protease inhibitor mixture) and subjected to IP with each
antibody. The enrichment of 300~600 bp of sheared DNA was confirmed by gel electrophoresis. Approximately 20~30 pg of DNA
was used for IP. Diluted protein-DNA complexes were precleared and incubated overnight with preblocked protein G Dynabeads and
antibodies at 4°C. Immunoprecipitates were washed serially with LiCl wash buffer (Tris 50 mM, pH 8.0, EDTA 1 mM, LiCI250 mM, 1%
NP-40, and 0.5% deoxycholate), IP buffer, and Tris-EDTA buffer. For DNA extraction, immunoprecipitates were reversely cross-
linked by incubation at 65°C overnight, and further incubated with RNase A and proteinase K. Then, ChIP DNAs were isolated using
a PCR purification kit (QIAGEN). Control or PAF KD cells (H1792 and KP) were used for ChIP. For PAF ChIP, A549 cells stably ex-
pressing FLAG-PAF were used. The following antibodies were used for ChlP: RBBP4 (GeneTex, 1:200), p130 (Cell Signaling,
1:100), LIN54 (Bethyl, 1:200), BMYB (Abcam, 1:100), FOXM1 (Santa Cruz, 1:200), and FLAG M2 (Thermo,1:200). Previously validated
DREAM binding sequences of CCNB1, TOP2A, PLK1, and UBE2C promoters were analyzed by ChIP-gPCR (primer sequences are
listed in Table S7). Beads only and ACTB promoter amplicons served as negative controls.

Histology and immunohistochemistry

KraslSL-G120/+ K), PaF/’; KraglSL-G120/+ (PK), KrasLSL—G72D/+; Trp53f/oxed/ﬂoxed (KP), and Paf’/’; KraSLSL-G72D/+; Trp53ﬂoxed/floxed (PKP)
mice were euthanized at the times after Ad-Cre infection indicated in the figures. Lung tissues were perfused with PBS, fixed with
10% formalin, and embedded in paraffin. Lung tumors were first examined by macroscopic observation of the surface of the whole
lung and then by microscopic analysis using sectioned samples stained with hematoxylin and eosin. The total number and burden of
K and KP lung tumors were measured in the middle sections of each lung. To measure the total number and burden of PK and PKP
lung tumors, the tumor-bearing sections of the lungs were screened, and one 5-um section from the center of the tumor was used for
analysis. For IHC analysis, paraffin-sectioned samples were immunostained according to standard protocols (Wang et al., 2016). The
following antibodies were used for immunohistochemistry: PAF (Santa Cruz, G-11), Ki67 (Abcam, ab16667), PCNA (Cell Signaling,
13110), cleaved caspase-3 (Cell Signaling, 9664), and RAS (mutated G12D) (Abcam, ab221163).

Non-Invasive Analysis of Lung Tumors

Micro-computed tomography (Micro-CT, XRAD 225Cx) of tumor-bearing KP or PKP mice was performed at the Small Animal Imag-
ing Facility (MD Anderson Cancer Center). 180~250 of sectioned lung images were obtained from each lung. 3D lung images were
then reconstituted and analyzed by ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS
Student t tests or two-way ANOVA were applied for comparisons of two samples. All results are presented as the mean + standard
error of the mean (SEM) or + standard deviation (SD), as noted in the figure legends. GraphPad Prism 8 was used for statistical anal-

ysis. At least three biological and experimental replicates were used unless otherwise described in figure legends. Statistical
threshold was defined as a p value was less than 0.05. *p < 0.05; **p < 0.01; **p < 0.001.
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